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We performed magnetic susceptibility and magnetic torque measurements on the organic κ-(BEDT-
TTF)2Hg(SCN)2Br, which is recently suggested to host an exotic quantum dipolar liquid in its low-temperature
insulating phase. Below the metal-insulator transition temperature, the magnetic susceptibility follows a Curie-
Weiss law with a positive Curie-Weiss temperature. The emergent ferromagnetically interacting spins amount
to about 1/6 of the full spin moment of localized charges. Taking account of the possible inhomogeneous quasi-
charge-order that form a dipolar-liquid, we construct a model of antiferromagnetically interacting spin chains in
two adjacent charge-ordered domains, which are coupled via fluctuating charges on a Mott-dimer at the bound-
ary, finding that the charge fluctuation indeed draws the weak ferromagnetic moment out of the spin singlet
domains.
Typical phase transitions in condensed matter accompany
either universal critical singularities or competitions between
two different orderings. Their order parameters sometimes
suffer intrinsic inhomogeneities when additional degrees of
freedom mask the transition by affecting the low-lying exci-
tations. Historical examples are the dynamically disordered
charge stripes in high-TC superconducting cuprates [1, 2],
and the orbital-disorders that trigger the colossal magnetore-
sistance in manganites [3]. The complexity of dealing with
multiple correlated degrees of freedom such as charge, spin,
orbital, and lattice often makes it difficult to pin down their
dominant mechanism.
Organic κ-(BEDT-TTF)2X materials recently turned out to
be an ideal playground to study such an issue in a simpler
setup. These materials form two-dimensional strongly cor-
related electronic systems, where molecular dimers (BEDT-
TTF)2 serve as lattice sites of a Mott insulator with its spin-
1/2 interacting antiferromagnetically, and a quantum spin liq-
uid phase is observed in κ-(BEDT-TTF)2Cu2(CN)3 (abbre-
viated as κ-CN) as well as a typical antiferromagnetism in
κ-(BEDT-TTF)2Cu[N(CN)2]Cl (κ-Cu-Cl) [4, 5]. If the de-
gree of dimerization is weakened, the charges would no
longer stay on the dimer-orbital, but rather localize to one
side of the dimerized molecules and form a charge ordered
phase. A charge degree of freedom enclosed in the dimer
is interpreted as quantum electric dipoles [6, 7], which is
detected as anomalous frequency-dependence of dielectric-
ity in many materials including κ-CN [7], κ-Cu-Cl [8], and
EtMe3Sb[Pd(dmit)2]2[9, 10]. In that context, the dimer Mott
and charge ordered phases are interpreted as para and ferro-
electricity [11–13], separated by a typical Ising type second-
order phase transition. However, when the spin degrees
of freedom couple to the universal criticality of charges or
namely dipoles, this transition can be masked and some in-
homogeneous phases may emerge [14]. Indeed, the subtleties
of the transition are recently disclosed by the fresh members
of this family, κ-(BEDT-TTF)2Hg(SCN)2Br (κ-Hg-Br) and κ-
(BEDT-TTF)2Hg(SCN)2Cl (κ-Hg-Cl), which have a relatively
weak dimerization [15] and thus fill the gap between the two
phases. In contrast to a simple Mott insulator, both of these
compounds show an abrupt increase of resistivity at a metal-
insulator (MI) transition [16]. Raman spectroscopy [17] re-
veals a distinct charge order in κ-Hg-Cl whereas κ-Hg-Br does
not show any sign of regular charge ordering down to lowest
temperature. A picture of “quantum dipole liquid” is provided
as an interpretation to the latter intriguing phase [17], possi-
bly consisting of dynamical charge ordered domains enclos-
ing electric dipole moments maximally amounting to 0.1e per
dimer.
In this Letter, we report a strong experimental evidence of
intrinsic ferromagnetic exchange interactions emerging in the
clean bulk crystal of κ-Hg-Br, indicated by a positive Curie-
Weiss temperature of ΘCW = 16 K, where about 1/6 of the
full spins of localized charges contribute. The lack of rem-
nant field or hysteresis in the magnetization excludes the pos-
sibility that the impurities and spin-glass state are responsi-
ble for the ferromagnetism. Since no existing theory on bulk
magnetism can explain this ferromagnetic interaction, we con-
struct a synergetic quantum spin model coupled to the dimer-
spin carried by the fluctuating charges. This model represents
spins on adjacent two charge-ordered regions and dimers that
lie at their boundary. We show that the charge fluctuations
at the domain boundary would generate a robust ferromag-
netic coupling between small magnetic moments distributing
over each of the two charge domains. The theory explains the
properties disclosed by the magnetic susceptibility and torque
measurements without any fitting parameters.
Single crystals of κ-Hg-Br were grown by electrochemi-
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2cal oxidation of the BEDT-TTF solution [17]. The magnetic
susceptibility of powder samples was measured by SQUID.
The magnetic torque measurements were carried out for a sin-
gle crystal attached to a piezo-resistive cantilever by a tiny
amount of grease by using a VTI and a dilution refrigerator.
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FIG. 1. (a) Temperature dependence of the magnetic susceptibil-
ity (χM(T )) at 1 T. Data obtained by field cool (FC) and zero-field
cool (ZFC) are shown by filled and open symbols, respectively. (b)
Enlarged view of χM(T ) near TMI = 90 K. (c) Temperature depen-
dence of the inverse susceptibility. The solid line shows a linear fit
for 20–70 K. (d) Field dependence of the magnetization M at 1.6 K,
measured in the order of (1) 0 to 5 T, (2) +5 T to -5 T, and (3) -5 T to
0 T. The dotted line shows a fit to the Brillouin function at 1.6 K.
Figures 1(a)-1(c) show the temperature dependence of the
magnetic susceptibility χM(T ) of κ-Hg-Br. The MI transi-
tion is observed at TMI ∼ 90 K. Above this temperature,
χM(T ) shows a Pauli-paramagnetic behavior, while below TMI
it starts to increase abruptly on lowering the temperature. A
Curie-Weiss fit for 20–70 K (the solid line in Fig. 1(c)) gives a
positive Curie-Weiss temperature ΘCW ∼ 16 K with the Curie
constant C = 0.060 emu K mol−1. Similar χM(T ) was ob-
served previously [1]. However, our data shows the ferro-
magnetic ΘCW more clearly in a wider temperature range (see
Supplemental Material (SM) [19] for a comparison). Since
the Curie-Weiss temperature represents the averaged magnetic
interactions in the system, the positive ΘCW observed thus in-
dicates a dominant ferromagnetic interactions in κ-Hg-Br. To
the best of our knowledge, this compound is the first to show
such ferromagnetic behavior in a family of organic Mott insu-
lators including κ-(BEDT-TTF)2X and X[Pd(dmit)2]2.
The ferromagnetic behavior is also found in the field depen-
dence of the magnetization M at 1.6 K. As shown in Fig. 1(d),
the M–H curve, which is linear at high temperatures, becomes
non-linear at low temperatures (see SM [19] for the tempera-
ture dependence). At magnetic fields below 2 T, the curve
increases faster than the expected Brillouin curve. Through-
out the whole sweep of H, the M–H curve shows neither a
remnant field nor a hysteresis. The absence of hysteresis is
confirmed down to the lowest fields by our fixed angle field-
dependent torque magnetization measurements (Fig. 2(a)). It
is well known that a magnetically ordered state with a fer-
romagnetic moment [20] and a spin glass state [21] both ex-
hibit clear hystereses in the torque measurements that occurs
by a remnant field or a frozen moment. Therefore, our data
excludes a spin-glass based weak ferro-polaron picture pre-
sented in the previous study [1, 22].
Figure 2(b) shows the field dependent magnetization ob-
tained from a fixed-angle high-field torque measurements at
0.12 and 1.7 K, where a quadratic field dependence at low
fields shown in blue dashed line is followed by a linear field
dependence at H & 10 T. Given the form of the magnetic
torque M × H, the linear field dependence indicates the satu-
ration of M above ∼ 10 T (Fig. 2 (b)). This saturation can also
be confirmed by the field derivation of the torque data [19].
The value of the saturation field is consistent with ΘCW of
16 K determined by the SQUID χM(T ) measurement. Note
that the free impurity spins are not responsible for this satura-
tion, since otherwise the saturation should take place at ∼ 1 T
for 0.12 K, which is not observed in our data.
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FIG. 2. (a) Low-field data of the magnetic torque at 5, 10 and 20 K.
The field angle was fixed at 45 degree from the c-axis to the a-axis.
Field sweep is given as (1) 0 → +Hmax, (2) +Hmax → −Hmax, and
(3) −Hmax → 0. (b) Field dependence of the magnetic torque up to
17.5 T at 0.12 and 1.7 K. The amplitude of the 2θ component of the
magnetic torque curve obtained by a rotating magnetic field in the a-
c plane is plotted. A quadratic and a linear field dependence is shown
for a reference by dashed and dash-dotted lines, respectively.
We also analyzed the magnetic torque curves obtained by
rotating the magnetic field in the a-c plane given in Fig. 3(a),
where θ denotes the angle between the magnetic field and the
a-axis (see Fig. 3(e)). The magnetic torque signal, τmag =
τ2θ sin 2(θ − φ2θ), is obtained after subtracting the sin θ com-
ponent that comes from the gravity of the sample mass (see
SM [19] for details).
Figures 3(b) and 3(c) show the temperature dependence of
the torque amplitude τ2θ divided by H2 and the phase shift
φ2θ, respectively. The former (τ2θ/H2) is proportional to the
magnetic anisotropy in the a-c plane, whereas the latter (φ2θ)
is the angle at which the magnetic field points to the direction
of the magnetic principle axis. In the metallic T > TMI phase,
the angle stays at around φ2θ ∼ −20 degree, which is close to
the angle between the long axis of BEDT-TTF molecules and
the a-axis (Fig. 3(d)), showing the crystal-structural origin of
3c
a
17°
H
c
a
M
mag
(a)
(c) (d)
(e)
(b)
FIG. 3. (a) Magnetic torque curves at different temperatures, nor-
malized by H2 to compare the ones for different fields. The data
below (above) 40 K was measured at 1 T (3 T). The temperature
dependence of the sensitivity of the piezo-resistive cantilever is cal-
ibrated by the sin θ component in the torque curve by the gravity
of the sample mass and is subtracted from the data (see SM [19]
for details). (b, c) Temperature dependence of the amplitude (τ2θ,
b) and the phase (φ2θ, c) of sin 2θ component of the torque curve.
The magnetic susceptibility shown in Fig. 1(a) is also plotted on the
right axis as the dashed line in (b). (d) Crystal structure of κ-Hg-Br
viewed along the b axis. The long molecular axis of BEDT-TTF is
tilted by ∼17◦ from the a-axis. (e) Schematic drawing of magnetic
torque measurement by a resistive cantilever. The magnetic torque
(τmag = M × H) is measured by the change of the resistance of the
piezo-resistive cantilever.
the magnetic anisotropy.
At TMI this φ2θ shows a sharp jump which is followed by a
rapid shift of φ2θ toward zero, while at the same time τ2θ stays
nearly temperature independent in contrast to the increase of
χM(T ). This shows a change of the magnetic principle axis of
∼ 20 degree, concomitantly with a decrease of the magnetic
anisotropy below TMI. Since Raman [17] and IR [16] vibra-
tion measurements have shown no change of the phonon spec-
trum below TMI, a rotation of the BEDT-TTF molecules is ex-
cluded to explain the change of φ2θ. Therefore, this change of
the magnetic property below TMI indicates a redistribution of
the spin moment inside the BEDT-TTF molecule. We further
find a characteristic temperature T ∗ ∼ 24 K where τ2θ shows a
downshift, and below this temperature both τ2θ and φ2θ starts
to depend on the field strength. This temperature-dependent
change is larger for the lower field; as we saw in Fig. 2(a) the
torque data at |H| . 0.5 T changes its sign from positive to
negative when crossing T ∗. Another bump-like feature in φ2θ
is observed ∼ 10 K, implying a further change of the mag-
netic state. We note that, whereas the increase of τ2θ below T ∗
is consistent the easy-plane anisotropy reported in the previ-
ous work [1], the change of φ2θ and decrease of the magnetic
anisotropy below TMI are new findings brought about by our
torque measurements.


   	



   






	
  	

	
 




b
c








 


μ


FIG. 4. (a) Schematic illustration of the dimer Mott insulator and
charge order. Charges on Mott-dimers (red circles) carry spins form-
ing an antiferromagnetic triangular lattice (red lines), and the charges
localized on one side of the dimer (green circles) form an antiferro-
magnetic quasi-one-dimensional spin chain (green line). (b) BEDT-
TTF molecules in the b-c plane and the transfer integrals estimated
as (td, tB, tp, tq) = (126, 83, 60, 40) meV in Ref. [15, 23]. (c) One
possible charge configuration of κ-Hg-Br with a charge ordered do-
main separated by the Mott dimer. (d) Illustration of the model de-
scribed by Eq. (1). Arrow represents the dimer-spin. (e) Correlation
〈S L · S R〉 between spins on left and right chain for several series of
N = NL + NR + 1, for the two lowest energy states, with dominant
ferromagnetism 〈S L · S R〉 > 0 (see SM [19]). Red (blue) symbols
indicate the data of the 1st-excited (lowest) states. (f) Magnetization
density at site-i of the first excited state of Eq. (1) with NL = NR = 10
and S z = 3/2. It consists of the equal weight superposition of upper
and lower panels with dimer-spin (in the gray region) on the right
and left. (g) Magnetization density of the first excited state of Eq. (1)
as a function of excitation energy ∆E per spin for NL,NR = 8–100
combined in different manners. It gives the universal magnetization
curve by interpreting the horizontal axis as a magnetic field. Gray
line is the experimental result in Fig. 1(d), scaled as JAF ∼ 250 T and
1/6 of the full magnetization as 0.06 emu/mol.
Our magnetic measurements on κ-Hg-Br disclose an un-
conventional magnetic state below the MI transition not ever
found in other family members of κ-(BEDT-TTF)2X – the fer-
romagnetic ΘCW, the non-hysteretic M–H curve, and the large
change in the direction of the magnetic principle axis.
Let us first start by elucidating the way the charges are lo-
4calized at T < TMI. Most of the previously known mem-
bers of κ-(BEDT-TTF)2X become a dimer Mott insulator de-
picted schematically in Fig. 4(a). Once the system enters a
Mott phase, the dominant magnetic interactions between the
spins carried by the localized charge are always antiferromag-
netic which we denote JAF, as it originates from the kinetic
exchange. Then, the antiferromagnetic order of κ-Cu-Cl and
quantum spin liquid nature of κ-CN are roughly understood
by the square-like and triangular lattice geometry of JAF[24],
which amount to 500 K [2] and 250 K [3], respectively. There-
fore, the positive ΘCW observed in κ-Hg-Br cannot be ex-
plained by the magnetism of a dimer Mott insulator.
In fact, the abrupt inrease of resistivity just below TMI in
both κ-Hg-Br and κ-Hg-Cl is different from the crossover be-
havior usually observed in dimer Mott material [4], appar-
ently signaling some sort of translational symmetry break-
ing of charge distribution. However, the Raman spectroscopy
measurements indicate the absence of static charge ordering
in κ-Hg-Br [17]. A scenario compatible with all these find-
ings is the dynamical and inhomogeneous charge distribution
in between the dimer Mott and charge ordered state.
The intra-dimer transfer integral from the first-principles
calculation on κ-Hg-Br is td∼120 meV [15, 23], much weaker
than the typical value ∼ 300 meV of the dimer Mott κ-salts [4],
and thus a quasi-charge-order by the inter-dimer Coulomb in-
teractions is reasonably expected. In the uniform charge or-
dered case possibly realized in κ-Hg-Cl, JAF forms long quasi-
one-dimensional (1D) chains (see Fig. 4(b)). When the static
and bulk charge order is no longer stabilized, these chains
shall break up into short fragments separated by a Mott-dimer,
which we show schematically in Fig. 4(c). Inside the 1D frag-
ment the spins interact along the tq-bonds via JAF ∼ 170 K
∼ td/8 (see SM [19]), while on the Mott-dimer the charge
fluctuates by td and interacts antiferromagnetically with spins
on right/left chains when it on the left/right molecule.
To elucidate how this quantum fluctuation modifies the
dominant antiferromagnetism, we construct a synergetic
model [28] consisting of two open chains with NL and NR
spin-1/2’s and a single spin (which we call dimer-spin) as
shown in Fig. 4(d). The Hamiltonian is given as
H =
∑
γ=L,R
∑
〈i, j〉
JAFSˆ iγ · Sˆ jγ + td (c†LcR + c†RcL)
+ JAF
(
(Sˆ d · Sˆ NLL)nL + (Sˆ d · Sˆ 1R)nR
)
, (1)
where Sˆ iγ is the spin on site-i on left and right chain (γ =
L/R), c†L/R and cL/R are the creation and anihilation opera-
tor of charges on the left/right molecule of the dimer with its
number operator nL/R = c
†
L/RcL/R, and Sˆ d is the dimer spin.
The model is solved numerically by combining the exact
diagonalization calculation [19]. Figure 4(e) shows 〈S L · S R〉
between spins on left and right chains, S γ =
∑
j∈γ S j for sev-
eral different series of Nγ and system length N. One finds a
dominant ferromagnetic correlation (〈S L · S R〉 > 0) for large
portions of the lowest two excited states. Representative dis-
tribution of magnetization density on each site of such state
is shown in Fig. 4(f) with total magnetization 3/2, where the
expectation values are taken separately for the components of
wave functions with their dimer-spin on the left and right part
of the dimer. The left-upper panel is a typical spin distribution
with two-fold periodic Friedel oscillation generated by the
two open edges of the chain, where the edge spins have largest
spin moment [29]. The dimer-spin hops back and forth, and
mixes quantum mechanically with spins on closer edges of the
chains and suppresses their moments. The moments are redis-
tributed throughout the chains and are accumulated densely on
the further edges from the center. They point in the same ori-
entation mediated by fluctuating spins closer to the dimer-spin
(top panel of Fig. 4(f)). This interplay of td and JAF generates
a robust quantum ferromagnetism (Fig. 4(e)), which is insen-
sitive to the value of td and the choices of Nγ (see SM [19] for
details).
The theory is in full agreement with the measurements on κ-
Hg-Br. Figure 4(g) shows the magnetization density as a func-
tion of lowest excitation energy per spin, ∆E/N, for several
different NL and NR. All data form a universal curve, which
roughly gives the onset of magnetization curve against mag-
netic field H/JAF, regardless of the chain length. In fact, the
experimental curve shows almost perfect agreement when tak-
ing JAF ∼ 170 K and Curie constant C = 0.06 emu/mol as 1/6
of the full moment. The rest of the spins remain nonmagnetic
even when applying a field up to 20 T, which is consistent with
our model having a large gap above this magnetization. Also,
Eq. (1) preserves the SU(2) symmetry, in agreement with the
restored isotropy in the magnetic torque at T < TMI. Notice
that this ferrimagnetic phase is not a long-range order but a
correlation because of the one-dimensionality, as can also be
suggested from the lack of the hysteresis. Below T ∗ the non-
magnetic ground state component becomes dominant. From
Raman spectroscopy measurements, the static charge order-
ing is excluded, whereas the broad peak in ν2 mode is still
compatible with quasi-charge-ordered domains with a vari-
ant charge disproportionation maximally amounting to ±0.1e,
which are coherently fluctuating together inside the domain
with a frequency estimated as 1.3 THz [16, 17]. Evaluating
the character of charge distribution is beyond the scope of the
numerics available at present. Still, besides the assumption
of quasi-charge ordering that the model is built on, our model
quantitatively explains all the features obtained in the experi-
ments without any fitting parameters.
Ferromagnetic interaction is elusive; For molecular-based
materials with only light elements, few ferromagnetic com-
pounds are known, e.g. p-NPNN [30], C60(TDAE)0.86 [31],
and (Et-4RrT)-[Ni(dmit)2]2 [32], whose exchange interac-
tions originate from the higher-order Goodenough-Kanamori
rule. Other mechanisms of ferromagnetism known so far for
a bulk system are the Nagaoka ferromagnetism [33], flat-
band [34], and double exchange or multi-orbitals Hubbard
models [35–37], which are applied to metals. The present
finding should thus be the first proposal of generating a robust
ferromagnetic exchange from the inhomogeneous charge dis-
tribution forming dominant spin singlet (paramagnet) formed
5by the leading antiferromagnetism interactions. Since or-
ganic materials are free of extrinsic magnetic impurities, such
large amount of ferromagnetic moment cannot be explained
by the impurity or spin-glass disorders. By designing a three-
dimensional critical phase in between the charge order and
dimer Mott insulator one can further realize a two dimensional
ferromagnet, in which case the dimensional reduction will still
allow for the ferromagnetic long-range order even at a finite
temperature.
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Comparison of χM(T ) data with the previous data
Figure S1 shows the data of the magnetic susceptibility
χM(T ) of Fig. 1 in the main text (red circles), that of sample
2 (blue circles), and those from the previous report [S1] con-
sisting of two different series of data (grey line and squares).
To compare to our results on χM(T ), the single crystal data
of previous report [S1] is averaged for all axes to compare
the polycrystal data, showing a large sample variance in their
results. A Curie-Weiss fit of sample 2 (the blue dashed line
in Fig. S1(b)) also gives a positive Curie-Weiss temperature
ΘCW ∼ 13 K with the Curie constant C = 0.069 emu K mol−1,
showing a good reproducibility of our result. As shown in
Fig. S1(b) (the dashed lines), our results for both samples
show a positive Curie-Weiss temperature more clearly in a
Curie-Weiss fitting for a wider temperature range. A positive
Curie-Weiss temperature can also be deduced from the poly-
crystal data of Ref. [S1] by fitting in a narrower temperature
range at lower temperatures. Instead, Ref. [S1] focused on the
field dependence of their χM(T ) data only in the limited range
below ∼ 20 K off the Curie-Weiss region, and together with
the results from the ESR measurements, argued that there ex-
ists a spin glass state with a weak ferromagnetic moment.
In our case, we confirmed a reproducibility of our torque
measurements done in other samples for different magnetic
field orientations, confirming that there is no intrinsic sample
dependence in our results. The M-H curve from these torque
measurements showing a ferromagnetic Curie-Weiss behavior
(Fig. 1(d) in the main text) is quantitatively and qualitatively
consistent with the χM(T ) in Fig. S1(b).
Linearity in the M–H curve at high temperatures
To confirm the linearlity of the M–H curve, we performed
additional measurements in sample 2. The temperature depen-
dence of χM(T ) and the M–H curve of sample 2 is shown in
Fig. S1 and in Fig. S2, respectively. As shown in Fig. S2, the
M–H curve is linear above 20 K, which becomes non-linear at
lower temperatures.
Field derivative of the magnetic torque
Figure S3 shows the field derivative of the amplitude of the
magnetic torque (Fig. 2(b) in the main text). Given the form
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FIG. S1. The temperature dependence of the magnetic susceptibil-
ity (a) and the invserse of the magnetic susceptibility (b) of our data
(filled circles) shown with the data in the previous report taken from
Fig. 4 (single crystal, grey diamonds) and Fig. 5 (polycrystals, grey
squares) in Ref. [S1]. For the single crystal data from Fig. 4 in
Ref. [S1], we averaged the data taken for H ‖ a, b, and c to com-
pare the data of polycrystals. Only the data obtained by field cool
(FC) are shown.
of the magnetic torque τmag ∝ M × H, the field derivative of
the magnetic torque amplitude τ2θ is proportional to the mag-
netization. As shown in Fig. S3, the field derivative asymp-
totically approaches a constant value above 10 T, showing the
saturation of the magnetization.
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FIG. S2. The field dependence of the magnetization of sample 2 at
1.7, 20, 40, 60, and 90 K.
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FIG. S3. Field derivative of the amplitude of the magnetic torque
data (Fig. 2(b) in the main text). The solid line is a guide to the eye.
Calibration of the piezo-resistive cantilever by the gravity signal
In this section, we explain how we calibrated the temper-
ature dependence of the sensitivity of the torque cantilever
by using the gravity signal. We measured the angle depen-
dence of the torque by rotating the sample attached to a piezo-
resisitive cantilever (Fig. S4(a)) in a magnetic field. The
torque signal is given by
τ(θ) = τθ sin(θ − φθ) + τ2θ sin 2(θ − φ2θ) . (S1)
The first sin θ term represents the gravity torque coming from
the sample mass, and the second sin 2θ term represents the
magnetic torque (τmag = M × H). Figure S4(b) shows a
typical torque curve which consists of the gravity torque (the
blue line) and the magnetic torque (the pink line). As shown
in Fig. S4, the different oscillation frequency allows one to
(a) c
(b)
(c)
FIG. S4. (a) A picture of the sample attached to the piezo-resistive
cantilever. (b) A torque curve measured at 5 T and 40 K. The angle
θ is determined by the angle between the magnetic field and the a
axis (see Fig. 3(e) in the main text). The data (black circles) is given
by a sum of the sin θ (blue line) and the sin 2θ (pink line) compo-
nents. (c) The temperature dependence of the amplitude of the sin θ
component. The data is normalized by that at 200 K.
clearly separate these two signals. The accuracy in the esti-
mation of the magnetic torque signal is limited by the noise of
the torque signal itself (∼ 3%), which is mainly caused by the
irregular motions of the rotator.
The temperature dependence of the gravity signal
(Fig. S4(c)) reflects the temperature dependence of the sen-
8sitivity of the piezo-resistive cantilever, which is used to cal-
ibrate the magnetic torque signal obtained at different tem-
peratures. We note that, although the gravity signal shows a
small field dependence at low temperatures (up to ∼ 3% of
the data), the ambiguity owing to this field dependence is so
small (comparable to the symbol size of the plot) that the field
dependence can be safely ignored.
Analysis on the effective model Eq. (1)
We analyze the effective Hamiltonian Eq. (1) in the main
text which we rewrite here:
H =
∑
γ=L,R
∑
〈i, j〉
JAFS iγ · S jγ + td(c†LcR + c†RcL)
+ JAF
(
(S d · S NLL)nL + (S d · S 1R)nR
)
. (S2)
We consider two quantum spin chains consisting of NL and NR
sites, where the spins on one edge of both chains can interact
also with the adjacent dimer-spin S = 1/2 when it is on the left
and right side of the dimerized two molecules. The antiferro-
magnetic interaction, JAF is evaluated as JAF ∼ 4t2q/(U − Vq)
where tq is the transfer integral connecting the green bond
with index-q in Fig. 4(b), and U and Vq are the on-molecule
and inter-dimer Coulomb interaction, respectively.
The model parameters are fully fixed based on the
first principles calculation as follows; In κ-(BEDT-
TTF)2Cu[N(CN)2]Cl and κ-CN, the fit on the experimentally
measured susceptibility by the high-temperature expansion
give JAF ∼ 500 K [S2] and ∼ 250 K [S3], respectively,
and independently, one can evaluate JAF = 4t2d/Udimer
with td ∼ 70 meV for κ-(BEDT-TTF)2Cu[N(CN)2]Cl and
50 meV for κ-CN [S4], which gives the above values if
we take Udimer ∼ 460 meV. If we apply adopt this value
to U − Vq ∼ 460 meV in our material κ-Hg-Br and use
the first principles results tq = 40 meV [S5], we find
JAF = 4t2q/(U − Vq) ∼ 15 meV ∼ 170 K. Here, U − Vq is the
energy difference between the Mott state and the excited state
that has doubly electron-occupied molecule. This value is
also consistent with the typical value of U ∼ 830 meV and
Vq ∼ 400 meV of κ-ET salts that comes from the combination
of ab initio and cRPA study [S6], giving (U −Vq) ∼ 430 meV.
Notice that our evaluation does not agree with ∼70 K in
Ref. [S1] estimated using magnetization data between 90 and
50 K, and fitting them with negative Curie T , which is not
enough precise because it depends on the fitting range. The
inter-dimer transfer integral is td = 126 meV from the same
first-principles evaluation.
Previously, the Coulomb interaction on an isolated dimer
was evaluated as Udimer ∼ 2td, and since td differs much be-
tween materials, so was Udimer on that context. However, this
evaluation is valid only when U is extremely large and V is ne-
glected (see Ref. [12] in the main text), which is an unrealis-
tic situation. Recent theoretical studies [S4, S6] revealed that
Udimer does not depend much on materials, because the face-
to-face distances between dimerized molecules, and Udimer is
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FIG. S5. (a) Schematic illustration of two configurations. The upper
and the lower panel shows a up dimer spin belonging to the right
and left chain, respectively. They are part of the low energy basis of
Eq. (S2). (b) Lowest eigenenergy E(NL,NR) of Eq. (S2) for given sets
of NL = NR = 6 − 20. For odd and even N = NL + NR + 1, the lowest
magnetization (starting point of the data) is 1/2 and 0, respectively.
The states inside the shaded area are approximately the ones that
contribute to the ferromagnetism. Broken lines are the gradient of
the data that roughly gives the magnetic field strength required to
magnetize the chain up to that point. This gradient changes quite
significantly just above the shaded region.
insensitive to the relative angles between molecules (unlike t).
Therefore, td/JAF ∼ 8 which we adopt in the following.
The model (S2) is solved in a two-fold manner. We first
diagonalize the Hamiltonian of a simple spin chain of length
Nγ with open boundary given as
Hγ =
Nγ−1∑
j=1
JAFS j · S j+1, (S3)
in unit of JAF = 1 and obtain few lowest eigeneneriges
n(Nγ, S zγ) (n = 1, 2, 3 · · · ) and |Nγ, S zγ〉n, for each fixed value
of the quantized z-component of total spin, S zγ (which is
integer/half-integer for even/odd Nγ). Along with this, we elso
prepare a set of eigenstates,
{|Nγ, S zγ; ↑〉n} and {|Nγ, S zγ; ↓〉n}, of
Hσγ = Hγ + JAFS zNγγ · S zd, where the dimer-spin S zd =↑, ↓ is
attached to one edge of the spin chain. By using these low en-
ergy eigenstates as building blocks one can construct the low
energy basis of Eq. (S2).
In Eq.(S2), the total S z = S zL + S
z
d + S
z
R of the whole sys-
tem of size N = NL + NR + 1 is a conserved quantity, so
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FIG. S6. (a–c) Schematic illustration of the spin moments on three different parts of the system, left chain, dimer-spin, and right chain,
written in ovals, in the major basis states that contribute to the two lowest energy states of the model in Eq. (S2). The thin, double and bold
arrows represent the spin-1/2, 1, and 3/2, respectively. Blue and red colors of the symbols classify the lowest and second-lowest energy states,
respectively. Dimer spins fluctuate left and right for each depicted spin configurations, and the linear combination of these sketches form the
quantum mechanical state. Broken lines are the types of correlations that develop between the spins on these three parts. The lower two panels
are the magnetization density obtained by the actual calculations for given NL,NR and S z, where the values are separately calculated in the
upper and lower panels for the two groups of basis with dimer-spin on the right and left, respectively. (d) Expectation values of magnetization
〈S L〉 of spins on a left chain for different N = NL + NR + 1 with NL = NR and NL + 1 = NR for the two lowest energy states. The corresponding
spin correlations 〈S L · S R〉 are displayed in Fig. 4(e).
that its low energy basis is a combination of different choices
of (S zL, S
z
d, S
z
R) in each total S
z-sector. Also, depending on
whether the dimer-spin S d is interacting with the left or right
chain, the basis includes a variety of states. The off diagonal
terms of Eq. (S2) between these basis are given for example
as,
|NL, S zL; ↑〉 ⊗ |NR, S zR〉td〈NL, S zL| ⊗ 〈NR, S zR; ↑ |,
|NL, S zL; ↑〉 ⊗ |NR, S zR〉
JAF
2
〈NL, S zL + 1; ↓ | ⊗ 〈NR, S zR|,
(S4)
which are partly displayed in Fig. S5(a). By diagonalizing the
representation of Eq. (S2) spanned by the low energy basis we
obtain the eigenstates as superpositions of these basis states.
We denote the energy and eigenstate as En(NL,NR, S z) and
|NL,NR, S z〉n, n = 0, 1, 2 · · · for each given S z sector.
Magnetic properties of the effective model Eq. (1)
When the two spin chains are disconnected from the dimer-
spin, the lowest energy state of even-NL/R chain is a singlet,
and the first excited state carries spin-1. For odd-NL/R chain,
the lowest energy state already hosts spin-1/2. When they
are coupled by the dimer-spins in Eq. (S2), the lowest energy
state based on these singlets still remains almost nonmagnetic,
whereas all the states based on states with finite magnetic mo-
ments on both chains have robust ferromagnetic correlations,
which we explain here in more detail.
Figure S5(b) shows E(NL,NR, S z) for several chices of
NL = NR = 8 − 24 chains at td/JAF = 8. The lowest S z starts
from 0 and 1/2 for even and odd N = NL+NR+1, respectively.
As mentioned above, the smallest S z has the lowest energy for
each chain length. However, the energy difference between
the lowest few energy states are still small at S z/N . 0.1. At
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around S z/N ∼ 0.1 the gradient(slope) of the energy as a func-
tion of S z changes to a much steeper one, as indicated by the
broken lines (nearly independent of the chain length). Each
of these gradients corresponds to the magnetic field required
to magnetize the system up to that data point. Therefore, the
magnetization beyond the inflection point of the slope requires
a considerably large field. For example, the field required is
about 7JAF for the chain of NL = NR = 11. This is one rea-
son that the system remains a weak ferromagnet and the sat-
uration magnetization in the experiment is about 1/6 of the
potential total magnetization (S z/N ∼ 0.083) (which roughly
corresponds to the shaded area).
Let us examine these low energy states by classifying them
to three different groups; (NL, NR) consisting of the combi-
nation of (even, even), (odd, odd) and (even, odd) numbers,
and for each we examine the lowest and second-lowest energy
states.
Figure S6(a)–(c) show the spatial distribution of magne-
tization density, where the upper and lower panels are the
ones separately calculated for the groups of basis that have
dimer-spin on the right and left part of the dimer, respectively.
(Fig. S5(a) left panel is the same as Fig. 4 in the main text).
The wave function consists of the anti-bonding superposition
of these two groups of the basis of equal weight. By fur-
ther examining the composition of the basis one can simply
depict the major configurations that have dominant contribu-
tions, which we show schematically on the upper part of these
panels. For example, in (even,even) chain the lowest energy
state S z = 1/2 (left part of (a)) consists of linear combination
of three manifolds of states, |0, ↓, ⇑〉, |0, ↑, 0〉, | ⇑, ↓, 0〉, where
the three arrows/0 indicate the spins that are carried by the
three parts of the system; left, dimer, and right chain, and thin
↑ / ↓ are spin-1/2, ⇑ / ⇓ are spin-1 and bold arrows are the
spin-3/2. In each manifold, the dimer-spins fluctuate back and
forth and exchange with spins on both sides when it is present.
The lowest energy state of (even, even) chain on the left part
of Fig. S6(a) has a moment that simply fluctuates back and
forth while not contributing much to the magnetization. The
first excited state S z = 3/2 of (even, even) chain on the right
part of Fig. S6(a) has a strong ferromagnetic correlation be-
tween S L and S R. For the (odd, odd) chain the lowest energy
state (left part of Fig. S6(b)) carries spin-1/2 on both chains
so that the ferromagnetic correlation develops mediated by the
dimer-spin, which is further enhanced in the S z = 3/2 excited
state(right part of Fig. S6(b)). The (even, odd) case has a sin-
glet lowest energy state where all the spins die out, but the
excited state has a strong ferromagnetic correlation between
all spins. Figure S6(d) shows the magnetization 〈S L〉 of the
two lowest energy states, for different N and different series
of NL = NR =even, odd and NL + 1 = NR, which correspond
to the above mentioned three cases. The correlation between
these moments are mostly ferromagnetic, 〈S L ·S R〉 > 0, which
is displayed in Fig. 4(e) in the main text for the same parame-
ters by the same symbols.
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